The dynamics of a single spin embedded in a the tunnel junction between ferromagnetic contacts is strongly affected by the exchange coupling to the tunneling electrons. Moment reversal of the local spin induced by the bias voltage across the junction is shown to have a measurable effect on the tunneling current. Furthermore, the frequency of a harmonic bias voltage is picked up by the local spin dynamics and transferred back to the current generating a double frequency component. PACS numbers: 73.40.Gk, 73.43.Fj, 03.65.Yz, 67.57.Lm Detection and manipulation of single spins is an important field of science since it pushes the limits of quantum measurements. Single spins would also be objects for qubits and, thus, be crucial for quantum information technology. Potentially, spintronics will replace conventional electronics devices with spin analogues where manipulation, control, and read-out of spins enable functionality with no or little charge dynamics.
The dynamics of a single spin embedded in a the tunnel junction between ferromagnetic contacts is strongly affected by the exchange coupling to the tunneling electrons. Moment reversal of the local spin induced by the bias voltage across the junction is shown to have a measurable effect on the tunneling current. Furthermore, the frequency of a harmonic bias voltage is picked up by the local spin dynamics and transferred back to the current generating a double frequency component. Detection and manipulation of single spins is an important field of science since it pushes the limits of quantum measurements. Single spins would also be objects for qubits and, thus, be crucial for quantum information technology. Potentially, spintronics will replace conventional electronics devices with spin analogues where manipulation, control, and read-out of spins enable functionality with no or little charge dynamics. 1 One main issue concerning measurements on the quantum limit is whether the local dynamics of quantum object generate measurable responses to externally applied fields.
Current-induced magnetic switching has been addressed for macroscopic planar 2, 3, 4, 5, 6 and magnetomechanical 7 systems, and spin-dependent tunneling in systems with non-collinear configured ferromagnetic leads, 8, 9, 10 as well as questions concerning spin-transfer torque, 11, 12, 13, 14 decoherence, 15 and spin nutations 17, 18, 19, 20 in microscopic spin systems. It was recently demonstrated that the nutations of a local spin embedded in the tunnel junction between ferromagnetic leads can be electrically controlled and undergo stimulated spin reversal, using short bias voltage pulses.
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The purpose of this paper is to discuss the effect of the local spin dynamics on the current flow through the system. In an arrangement with one ferromagnetic and one non-magnetic lead, the local spin tends to align with the magnetic moment of the ferromagnetic leads when this lead acts as the source, see Fig. 1 upper panel. This alignment leads to an enhanced tunneling through the junction since the local spin can mediate the tunneling electrons at a higher rate. If the ferromagnetic lead acts as the drain, however, the local spin align anti-parallel to the magnetic moment of the lead which decreases the tunneling through the junction. The local spin motion generates significant variations in the current. Second, we discuss the effect of a harmonic bias on systems arranged with two ferromagnetic leads in a non-parallel configuration, see Fig. 1 lower panel. The frequency ω 0 of the bias voltage is picked up by the local spin motion and is transferred back to the current, generating current components with frequencies ω 0 and 2ω 0 . The doubled frequency component is a fingerprint of the interaction between the tunneling electrons and the local spin in presence of the bias induced magnetic field.
The back action of the tunnel current on the local spin and the resulting spin dynamics was studied in Ref. 19 . Here, we implement the spin dynamics of the localized spin into the current and explore the prospect of detecting the spin dynamics in the current. Consider a single spin embedded in a tunnel junction between two ferromagnetic leads, see Fig. 1 . The Hamiltonian for the system can be written as
where
creates (annihilates) an electron in the left (right) lead at the energy ε p(q)σ and spin σ =↑, ↓. The spin Hamiltonian is simply H S = −gµ B B 0 ·S, where g and µ B is the gyromagnetic ratio and Bohr magneton, respectively, whereas B 0 is the external magnetic field acting on the local spin S. Finally, the tunneling Hamiltonian H T = pqαβ (c † pαTαβ c qβ + H.c.), where α, β are spin indices whereas the tunneling operator T αβ = T 0 δ αβ + T 1 S · σ αβ , with the tunneling rate T 0 between the leads, the tunneling rate T 1 between the leads and the spin, and the vector of Pauli spin matrices σ αβ .
Whenever there is a voltage applied across the junction, the tunneling current is given by
, which results in ( = 1)
where the operator A αβ (t) = pq c † pα (t)c qβ (t). Here, the transformed electronic annihilation operators
with
, and we have defined
[V dc +V ac (t )]dt , and δφ(t, t ) = φ(t)−φ(t ). Here we will consider biasing of the system with (4) with τ 0 < τ 1 , and
For later reference, we also define
Before deriving the expression for the current we briefly discuss the dynamics of the local spin, for which an equation was derived in Ref. 19 and found to be well described by the Landau-Lifshitz-Gilbert equation
ind is the effective magnetic field. The energies associated with the spin dynamics, ω L ∼ 1 µeV, are much smaller than the energies for the electronic processes which are of the order of at least 1 meV. The damping factor α(t) ∼ T and it is reasonable to believe that this is the case also for finite temperatures. The leads are assumed to have large D, hence, α becomes negligible and as a result Eq. (6) can be analytically solved.
The induced magnetic fields can be expressed as 19, 23 gµ B B
(1)
and
The local spin-dynamics can be described by its corresponding classical motion, which is consistent with the parametrization S = Sn = S(cos ϕ sin θ, sin ϕ sin θ, cos θ).
Assuming timeindependent external magnetic field B 0 = B 0ẑ , results in the equations of motion
The expression for the current is conveniently divided into three components, e.g. I(t) = I 0 (t) + I z (t) + I ⊥ (t), and using that the local spin is semi-classically described these contributions can be written as
which accounts for the direct tunneling between the leads, while
is influenced by the local spin moment, and
includes spin-flip of the tunneling electron caused by the presence of the local spin. The resulting current is clearly modulated by the presence of the spin through the variation of the spin polar angle θ(t), and through its doubled frequency 2θ(t). This property will be exploited later in this paper, and it will be shown that the nutations of the local spin which are induced by the bias voltage can be measured in the current as higher order harmonics. The expressions for the current also show that the azimuthal motion, ϕ(t), has no direct influence on the current. This would also be expected for a spin influenced only by an external magnetic field B 0 = B 0ẑ . Thus, we need only to determine the polar angle motion of the local spin, for a complete description of its effect on the current. The general solution for the polar angle motion can be written
where θ 0 is the initial polar angle at the initial time t 0 . For the bias δφ 1 (t, t ), Eq. (4), we have
where the time-scale τ relates to the electronic tunneling processes. Such processes are of the order 1 fs, which is much faster than the characteristic time-scale for the spin dynamics for biases ranging in 1 -100 mV. For e.g. a 1 ns bias pulse of 1 mV, the critical time scale is ∼ 100 fs, which should be within the realms of present experimental state-of-the-art-technology for nanoscale systems. Physically, the time-scale τ means that the induced magnetic field is a retarded response to the bias across the junction. In Eq. (16) , N L(R)σ is the spin σ density of states (DOS) in the left (right) lead. The characteristic time-scale τ c for the polar angle motion can be written as 1/τ c 2πeV T
, and V ∼ 1 mV, gives τ c 5 ps, which is sufficiently short to switch the spin from being ↓ to ↑ within 1 ns.
Assuming initially that θ 0 = π, that is, the local spin moment is ↓, see Fig. 2 a) , showing the time-dependence of the polar angle for the bias pulse corresponding to δφ 1 (t, t ). Also, assume that V dc > 0, and that p L = 1/2, p R = 0, for T 1 N 0 ∼ 0.1. The assumption is thus that one 2) ns (dotted) (zero bias indicated through dashed line). b) Time-dependence of the total current I(t) (bold), and the contributions I0(t) (faint), Iz(t) (dashed), and I ⊥ (t) (dotted).
lead is ferromagnetic whereas the other is non-magnetic, which would be applicable to scanning tunneling microscopy (STM) measurements with a spin-polarized tip. The contribution from I z is then finite whereas I ⊥ = 0, see Fig. 2 b) showing the total current I(t) (bold), and the contributions I 0 (t) (faint), I z (t) (dashed), and I ⊥ (t) (dotted). The influence of the stationary field tends to flip the spin moment to ↑, 23 which can be understood from Eq. (15) where the exponent has a negative sign. The contribution from I z increases at the instant of the spin-flip, since the local spin then aligns with the majority spin in the source (left lead) and can thus mediate the tunneling electrons at a higher rate. Momentarily, as the local spin flips from ↓ to ↑, the polar angle θ(t) = 0, ±π which implies that the contribution from I ⊥ peaks during a short time period. The peak of this contribution will, however, be hidden by the sharp increase of I z during the same time period. Nonetheless, this analysis shows that the total current through the system increases as a response to the spin-flip of the local spin, see Fig. 2 b) (bold). Now, assume that the amplitude of the bias pulse V ac < −V dc < 0. This bias pulse causes the current to flow from the right to left, and the induced magnetic field, which affects the polar angle motion of the spin, works as to reverse the moment of local spin. This can be seen in the sign of the exponent in Eq. (15), which is positive and, thus, signifies that the polar angle approaches π. Thus, we assume that the bias pulse is sufficiently strong and/or long to stimulate the spin reversal (that is going from ↑ to ↓), see Fig. 2 a) . At the instant of the spin-flip, the contribution from I z decreases since the local spin moment becomes opposite to spin-polarization of the drain (left lead), see Fig. 2 b) (dashed) . The local spin mediates the tunneling electron at a slower rate. = 5h · 10 4 /π, and e) its Fourier transform showing a main peak at ω = ω0 and a second peak at ω = 2ω0. b) The current contribution I0(t), and f) its Fourier transform showing a single peak at ω = ω0. c), d) The current contributions Iz(t) and I ⊥ (t), respectively, and g), h) their corresponding Fourier transforms, both showing peaks at ω = ω0, 2ω0. Panels e) -h) display the relative intensity of the contributions in arbitrary units. Here, the spin-polarization pL = −pR = 0.9, T1/T0 = 1/2, N0T1 ∼ 0.1, eV dc ∼ 1000ω0, and eVac ∼ 5ω0.
Analogously as in the above discussion, the contribution from I ⊥ peaks during the short time period of the spin reversal, see Fig. 2 b) (dotted) , nevertheless, the net effect of the spin-flip is a reduced amplitude of the current, see Fig. 2 b) (bold) . As the pulse terminates, the bias again becomes positive which reverses the local spin moment from ↓ to ↑. It should also be noticed that while the contribution from I 0 (t) follows the biasing of the system, it is unaffected by the local spin dynamics, as expected, see Fig. 2 
b) (faint).
For a harmonic bias δφ 2 (t, t ), the current response to the local spin displays higher order harmonics which are only present when the leads are ferromagnetic and in a non-parallel configuration. The harmonic modulation, with frequency θ(t), of the bias is picked up by the local spin, however, its presence is transferred to the current such that a second harmonic, 2θ(t), appears in the current modulation. This can be directly seen in the expressions for the currents I z and I ⊥ , both of which have terms with the factors cos 2θ(t).
The transverse induced magnetic field
xy dt , and the currents I z and I ⊥ all have the time-dependence It should be noticed that although this time-dependence arise in the current contribution I 0 (t), the net effect of the bias still yields a single harmonic variation of this contribution, see Fig. 3 b) and f), illustrating the timedependence of I 0 (t) and its Fourier transform. The plots clearly shows that the direct tunneling current acquires only the frequency of the bias and no higher harmonics. This can be understood from the fact that I 0 (t) is a direct kinetic response to the electric field and does not reflect any of the local (spin) dynamics in the tunnel junction. The polar angle motion resulting from the timedependence in Eq. (17) is given by θ(t) = 2 arctan tan θ 0 2 nm exp 2πST
showing that the nutations of the spin caused by the bias induced magnetic field are directly modulated by the harmonic bias. Moreover, from this expression of the polar angle motion, it is clear that the lower the frequency, i.e. ω 0 eV dc /10, the larger the amplitude of the angular displacement. Therefore, low frequencies provide a greater response to the current since it is influenced by the spin nutations through sin θ(t) and cos θ(t).
In order to acquire a large response from the spin nutations it is also required that the magnetic moments of the leads are non-parallel. Therefore, assume that p L = −p R = 0.9. Moreover, in order to further amplify the response from the spin nutations, we assume that T 1 /T 0 = 1/2, N 0 T 1 ∼ 0.1, and let eV dc ∼ 1000ω 0 and eV ac ∼ 5ω 0 . Under those conditions, which are reasonable from an experimental view point, the amplitude of the polar angle (max θ − min θ)/π ∼ 0.05, Fig. 4 a) (solid), which is a sufficiently large displacement to generate a significant contribution from cos θ(t), sin θ(t), see Fig. 4 a) (dotted), which is transferred into the current contributions I z (t) and I ⊥ (t). The current contributions I z (t) and I ⊥ (t), and their corresponding Fourier transforms, are plotted in Fig. 3  c), d ), g), and h), which illustrate that their contributions modify the shape of the total current c.f. panels a), c), and d) in Fig. 3 , and that this modification arise from current contributions with frequency 2ω 0 , c.f. panels e), g), and h). The contributions with this double frequency is a direct fingerprint of the (exchange) interaction between tunneling electrons and the local spin, in combination with the spin-polarization of the leads. In case of non-spin-polarized leads there is no magnetic field induced from the biasing of the system 19 and, thus, the time-dependent modulation of the bias is not transferred to the local spin dynamics. Under those circumstances the current consist of a single frequency contribution, see Fig. 5 which illustrates the time-dependence a) and Fourier transform b) of the total current, which is understood since then the current is simply a kinetic response to the electric field with no influence from the local (spin) dynamics.
In summary, the effect of a local spin, embedded in the tunnel junction between ferromagnetic leads, on the current through the system has been studied. It has been shown that the spin reversal of the local spin, stimulated by the bias voltage induced magnetic field in the junction, generates a measurable variation of the current. This feature thus enable direct recording of the local spin reversal in the tunneling current. It has, moreover, been demonstrated that the spin nutations induced by a harmonic bias voltage with frequency ω 0 is transferred back into the current, generating components with frequencies ω 0 and 2ω 0 . The double frequency component is a direct response of the spin motion in the current, which vanishes whenever the transversal induced magnetic field is absent. It was also shown that the 2ω 0 component is sufficiently large to be measured within the realms of todays state-of-the-art nanotechnology. Experiments of the discussed spin dynamics measurements would be extremely intriguing and useful for further advances within basic science of nanoscale physics.
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